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1. Introduction 


THE optical coefficients of a crystal give us the relation between the three 
components of an incident light vector and those of the induced optic 
moment vector. They should accordingly be 9 in number but reduce to 
6 on account of the relation C,,=C,,. While their number remains at 6 
in crystals of the triclinic system, a further reduction takes place when higher 
symmetry is present as the latter involves mutual relationships between the 
various coefficients. Similarly, the moduli of elasticity give the relation 
between the six components of the stress tensor on the one hand and 
those of the strain tensor on the other and these could be 36 in number 
but reduce to 21 even in triclinic crystals on account of the relation C,, = C,,. 
The stress-optical coefficients deal with the photo-elastic behaviour and give 
the relation between the optical coefficients of the crystal and the compo- 
nents of an applied stress tensor. Their maximum number is 36 and this 
number remains undiminished in the triclinic system of crystals because 
the relation C,,=C,, does not generally hold good for stress-optical coeffi- 
cients. Just as in the case of optical coefficients, the largest number of 
moduli of elasticity and of stress-optical coefficients that are required in each 
case depends on the symmetry properties of the crystal in question. The 
usual methods of ascertaining the number of coefficients required for each 
crystal system and of writing them out are known and described in standard 
treatises.' 


A Group theoretical treatment of the subject in so far as it relates to the 
elastic properties has recently been given by Jahn.? In this paper, it is 
proposed to give an easy method based on the theory of groups for obtaining 
the number of optical, elastic and stress-optical coefficients necessary for 


1 Reference may be made to Love’s Mathematical Theory of Elasticity for literature relating 
to the elastic moduli. The subject of photo-elasticity in crystals is dealt with by Coker and 
Filon in their Treatise on Photo-Elasticity and by Szivessy in Handbuch Der Physik, 1929, 21, 832. 
These authors have, however, only quoted the earlier and pioneering work on the subject by 
Pockels contained in Lehrbuch der Kristalloptik, 1906. 


2 Z. Kristall., 1937, 98, 191. 
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describing these properties for each of the 32 classes of crystals. There are 
some discrepancies between the results thus obtained and those given earlier 
by Pockels in respect of photo-elasticity. With a view to clarify these, 
detailed tables containing the stress-optical coefficients are worked out and 
given for all the classes of crystals. 


2. Formulation of the Method 


Let azz, Gyy, gz, yg, Oz, and a,, represent the set of 6 independent 
optical coefficients of a crystal. Under an operation R¢ consisting of a 
rotation through ¢ or a rotation reflection through ¢, these coefficients 
which constitute a tensor transform as products of cartesian co-ordinates. 
If Rg is a covering operation for the crystal, the equations connecting the 
optic moments with the components of the incident light vector should 
remain invariant under such an operation. This requirement imposes certain 
restrictions on the coefficients and those or such combinations of those 
which remain invariant for all the covering operations alone will survive. 
The problem before us is to find the number of such surviving terms for 
each class of crystal symmetry. 


Relations (1) and (2) show respectively how the cartesian co-ordinates 
and the tensor components transform. The plus and the minus sign where 
the alternative occurs refer respectively to cases of pure rotation and rotation 
reflection in the order in which they are given. 


x—>xcos¢+ysin¢d; y>—x sin¢d+ ycos¢; z>+2 (1) 
—> COS* + ay, Sin? d+ a,, sin ¢ cos 

ayy Sin? $+ a,, Cos? a,, sin ¢ Cos > 

G,, —> Ag 

dy, + 4,,CoS Fa,, Sin 

Gz, —> + dy, Sin d+ a,, CoS 

az, > —az, Sin Cos $+a,, sin d cos a,, (cos? ¢— sin? (2) 


(2) may be regarded as a linear substitution. It is easily seen that the 
character of the transformation matrix in (2) works out as 2 cos $6 (+ 1+2 
cos ¢). These linear substitutions constitute a reducible representation of 
the group G. Six mutually orthogonal and independent linear combinations 
of the above variables may now be found in such a way that they fall into 
six or less number of sets, the members in each set transforming among 
themselves by every operation of the group G. These will constitute the 
basis for a new and completely reducible representation of the group G. 
The character appropriate to any element Rg in this representation will be 
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the same as that obtained before since the two are equivalent. It is now 
quite easy to find n,, the number of times a particular irreducible represent- 
ation repeats itself in the representation consisting of the new variables with 
the help of the following formula*:— 

ny= x; (R) xf (3) 
Since we want to know the number of combinations that remain invariant 
for all operations R, we need only find the value of n; appropriate to the 
total symmetric irreducible representation. This is characterised by the fact 
that x;(R)=1 for all R. In this case x,’ (R) has already been shown to be 
equal to 2 cos ¢ (+ 1+ 2 cos ¢) and #i; is the number of elements in the 
jth class of the symmetry group. 


As has already been said, the elastic moduli which connect the com- 
ponents of the stress tensor with those of the strain tensor are 21 in number. 
Under a change of axes, these coefficients transform as products of tensor 
components. The transformation matrix can easily be written down with 
the help of (2) and it can be shown that the character appropriate to Rg 
is 1— 4 cos® $+ 8 cos* 6+ 16 cost ¢, the plus or the minus sign being 
used according as the operation is a pure rotation or a rotation reflection. 
Similar remarks as in the case of the optical coefficients apply here also and 
formula (3) will enable us to know the number of combinations that 
remain invariant for all operations R if we put x; (R)=1 for all R and 
carry the summation over all the elements of the symmetry group. This 
result represents the number of moduli required to describe the elastic 
properties of the particular crystal. 


The stress-optical coefficients are 36 in number and connect the optical 
coefficients with the components of the stress tensor. Under change of axes, 
they transform as the elastic moduli but differ from them in that C,, has 
to be distinguished from C,,. If this is taken into account, the character 
of the transformation matrix works out as 4 cos? ¢ + 16 cos* ¢+ 16 cos* ¢. 
Use of this character in formula (3) will enable us to know the number of 
coefficients required to describe the photo-elastic properties of particular 
crystals. 


The general formula for obtaining the numbers of coefficients in each 
case along with the appropriate character is thus given as follows :— 


n; = x; (R) 


3 For further elucidation of the formula and the notation employed in this paper, reference 
ed be made to Bhagavantam, Scattering of Light and the Raman Effect, 1940, 


ga 
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where x,’ (R) = 2 cos¢(+1+2 cos #).......... for optical 
1— 4 cos? ¢ + 8 cos? ¢+ 16 cos* ¢ for elastic 


4 cos? d+ 16 cos? ¢+ 16 cos! ¢....for stress-optical 


3. Application to Crystals 


(4) 


Results of applying formula (4) to all the 32 classes of crystals are given 


in Table I. 
TABLE I 
Crystal system | Symbol Symmetry operations Optical | Elastic ocr ec 
Triclinic oot Be E 6 2) 36 
i Ei 6 21 36 
Monoclinic Eas 4 13 20 
Cc, EC, a 13 20 
EC,io, 4 13 20 
Orthorhombic ..| Cy, E C, dy dy 3 9 12 
Ds 9 12 
Dey E Cc C.’ Oy’ 0,” 3 9 12 
Tetragonal erg E 2C, C, 2 7 10 
S, E 28, 2 7 10 
Cy E 2C, C, i 2S, CR, 2 7 10 
E 2C, Cy 2ay 204 2 7 
Deg E 2S, Cy 2 6 7 
D, E 2C, Cy 2C 2C; 2 6 7 
Da E 2C, Cy 2C, 2C,’ 2 6 7 
1 2S, 04 204° 
Hexagonal wt & E 2c, 2 7 12 
v 
Ds E 2C, 3Cy 2 
Dg E 2C, 3C, i 2S, 30, 2 6 8 
E 2C, 2S, 2 5 8 
Ce E 2C, 2C, C, a 5 8 
Ces E 2C, 2C, C; 2 5 - 8 
i 2S, 2S; of 
Dss E 2C, 0% 30y 2 5 6 
E 2C, 2C; Cy 2 5 6 
D, E 2C, 2C, Cz 3C, 3C,’ 2 5 6 
De E 2C, 2C, Cz 3C, 3C,’ 2 5 6 
i 2S; Oo, oy 
Cubic ae ae E 3C, 8C, 1 3 a 
Ta E 8C, 3C, 60 6S 1 3 3 
E 3Cy 6Cy 6Cy 1 3 3 
O; E 8C, x 2 4 1 3 3 
i 8S, 30 60 6S, 


The number of optical coefficients in each case is quite familiar and can 
easily be verified. Numbers in respect of elastic properties agree with the 
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known results in all cases. Numbers in respect of photo-elasticity agree 
with those given by Pockels in all cases except C,, S, and C,, of the tetra- 
gonal system, C3, S., Cs;, Cg and C,, of the trigonal system and T and 
T, of the cubic system. With a view to obtain confirmation of the results 
reported in the present paper and to clarify the discrepancies, the stress- 
optical coefficients have also been worked out for all crystal classes by the 
direct method explained by Coker and Filon in their book. The results 
are given below and they show that the numbers of surviving coefficients 
in all cases are in agreement with those given in Table I. These may be 
compared with the results of Pockels quoted by Szivessy in the Handbuch 
Der Physik already referred to as the notation employed is the same. 


First group—{Triclinic Hemihedral and triclinic Holohedral) (36 coeffi- 
cients) 


91 %s3 Ysa [56 


Second group—(Monoclinic Hemihedral, monoclinic Hemimorphic and 
monoclinic Holohedral) (20 coefficients) 


Mu he hs O 0 
0 


0 0 0 
0 0 0 Is5 O 
Ges O- O 466 


Third group—(Rhombic Hemimorphic, rhombic MHemihedral and 
rhombic Holohedral) (12 coefficients) 


Gu O 0 0 
9a 9s 9 O O 
9s. 0 0 
0 0 0 Que O 0 
0 0 0 0 4s; 0 
0 0 0 0 0 468 
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Fourth group.—(Trigonal Tetartohedral and trigonal Paramorphic) 


(12 coefficients) 
qi2 
qu 
— 52 


VEST 


N13 
933 0 

0 
0 
0 


— es 


0 

Wa 


242 
—24e2 

0 

2452 

2441 

qu— 


Fifth group.—(Trigonal Hemimorphic, trigonal Enantiomorphic and 
trigonal Holohedral) (8 coefficients) 


qu 
31 


0 
0 


qu 


0 


0 


113 N14 
0 
0 Yas 
0 0 
0 0 


0 


Vas 


0 
0 
0 
0 


2441 


Sixth group.—({Tetragonal Tetartohedral I, tetragonal Tetartohedral II 


and tetragonal Paramorphic) (10 coefficients) 


qu 
qi2 


q31 
0 


0 
Jer 


qu 
0 
0 


— 


fis 0 
0 
{33 0 
0 
0 — Ws 
0 0 


0 
0 
0 


0 


— Ne 
0 
0 
0 


Seventh group—{Tetragonal Hemimorphic, tetragonal Hemihedral II, 


tetragonal Enantiomorphic and tetrago 


qu 
0 
0 
0 


qu 
931 
0 
0 
0 


0 
is 0 
0 
0 Vas 
0 0 
0 0 


0 
0 
0 
0 


0 


nal Holohedral) (7 coefficients) 


oo coo 


Eighth group —(Hexagonal trigonal Paramorphic, hexagonal Terarto- 
hedral and hexagonal Paramorphic) (8 coefficients) 


qu 


N12 
qu 


931 
0 


0 
162 


0 
qs 0 
Q33 0 
0 
0 — Was 
0 0 


0 
0 
0 


2462 


— 2462 
0 


= 
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Ninth group.—{All other classes of the Hexagonal system) (6 coefficients) 


qu fe 113 0 0 
Tie qu 1s 0 0 
0 0 0 Vea 0 

0 0 0 0 daa 

0 0 0 0 0 qu — 


Tenth group.—(Cubic Tetartohedral and cubic Paramorphic) (4 coeffi- 
cients) 


qu 913 0 0 0 
Ns Wy N12 0 0 0 
fie is qu 0 0 0 
0 0 0 Vas 0 0 
0 0 0 0 Vas 0 
0 0 0 0 0 Vasa 


qu 0 0 
Tie 0 0 


0 0 0 0 G44 
0 0 0 0 0 Vas 


It is not clear how the extra coefficients in the classes cited above have 
been regarded by Pockels as vanishing. An important result of the present 
investigation relates to the T and T, classes of the cubic system. It will 
be noticed that they require 4 stress-optical coefficients for the description of 
their photo-elastic behaviour while the rest of the classes under the cubic 
system require only 3.. Such a distinction does not occur in respect of 
elastic moduli. 

4. Summary 

An easy method, based on the theory of groups, for obtaining the number 
of optical, elastic and stress-optical coefficients necessary for describing 
these properties for each of the 32 classes of crystals is given. The stress- 
optical coefficients are worked out in detail for all the 32 classes. It is 
noticed that the Tetartohedral and the Paramorphic hemihedral classes of 
the cubic system require four stress-optical coefficients for the description 
of their properties while the rest of the classes under this system require 
only three. 


e 
Eleventh group.—(All other classes of the cubic system) (3 coefficients) ; q 
0 
qu 0 0 0 
0 0 0 Gas 0 0 a? 
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7. Introduction 


R. J. Strutt! was the first to investigate experimentally the classical scat- 
tering in solids. He found that the intensities of the scattered beam in dust- 
free air, clear quartz and glass were in the ratio 1:8: 300. C.V. Raman,? 
using the formula of Einstein and Smoluchwoski, calculated the intensities 
of scattering in dust-free air, clear quartz and rock salt and found them to 
be in the ratio 1: 10: 40, a result which is in agreement with the observations 
of Strutt. Landsberg, Mandelstam and Leontowitsch*® found that the 
intensity of scattering in crystals varies linearly with temperature. The 
same authors‘ observed the intensity of scattering in quartz to be 2-76 times 
that in carbon dioxide gas and 1-43 times that in rock salt. Schefer, 
Matossi and Aderhold,® using a photographic method, obtained a value for 
the intensity of scattering in calcite which is nearly twice that in quartz. 


While the data available in respect of the scattering of light in solids 
are thus meagre, no one seems to have as yet attempted an investigation of 
the directional effects in single crystals. In this paper are described the 
results of such a study in properly cut and polished cubes of quartz and 
calcite. 

2. Experimental Technique and Results 

One-inch cubes of calcite and quartz, cut with one of the edges parallel 
to the optic axis in each case and polished on all sides, have been used in 
the present investigation. A graded set of secondary standards and the 
rotating sector method have been employed for obtaining the figures rela- 
ting to the intensity of scattering. A suitable blue glass has been perma- 
nently introduced in front of the observation windows ‘so as to filter off red 
fluorescent light, prominently present in calcite. Results obtained in 
respect of the intensities in calcite and quartz and the depolarisation factors 
in calcite alone are given below. The depolarisation of scattered light in 
quartz has not been measured on account of its optical activity. Elaborate 
arrangements for eliminating parasitic and reflected light have been made 
and the observations have been corrected for the convergence of the inci- 
dent beam consisting of sunlight filtered through a glass cell containing cold 
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water. OX, OY and OZ are mutually perpendicular and respectively 
represent the directions of incidence, scattering and the vertical. 
TABLE I 
Scattering of Light in Calcite and Quartz 
(Intensity of scattering in dust-free air = 1) 


Ontic Calcite Quartz 
parallel to Intensity | Depolarisation Intensity 
yA 
Ox 12°8 11:9 
OY 11-1 11-1 
OZ 1-6 89 


3. Discussion of Results 


The observed intensity of scattering in quartz is in satisfactory agree- 
ment with the values obtained by Strutt and Raman. According to Matossi’s 
recent work,® one should expect the intensity of scattering in calcite and 
quartz to be nearly the same but he found a value for calcite which is about 
twice that obtained in quartz. This is probably due to the presence of un- 
eliminated fluorescence. The results of this investigation, however, show 
that the intensity is of the same order in both these cases. As regards the 
directional scattering, which is the most important aspect of this investigation, 
the observed relative intensities for the three orientations are very significant. 
It is interesting to note that the intensity for a particular orientation, ie., 
when the optic axis is parallel to OZ and therefore normal to the plane of 
incidence and observation, is a mifimum in the case of quartz while it is a 
maximum in the case of calcite. Matossi developed a theory for rhombic, 
hexagonal, tetragonal and trigonal crystals from a knowledge of the elastic 
and optical constants. According to this theory, the intensities of scatter- 
ing for different orientations in the case of quartz and calcite are given below. 
The figures have only a relative significance when compared with those given 
in Table I. 

TABLE II 


(Theoretical Results of Matossi) 


pte Calcite Quartz 
Ox 62-2 149 
oY 61-8 124 
OZ 93-1 95-7 


2 
3 
ROS 
A2 
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That, when the optic axis is parallel to OZ, the intensity of scattering 
should be a minimum in quartz while it should be a maximum in calcite is 
a conspicuous result of Matossi’s theory and is borne out by the experimental 
facts found in the present investigation. The rest of the results obtained are 
only in qualitative agreement with those predicted by the theory. In the 
case of calcite, the degree of depolarisation found by the earlier investigators 
is about 70% but this high value is undoubtedly due to the presence of a 
large percentage of unpolarised fluorescent light. One other important 
theoretical deduction as developed by Matossi is that under certain cir- 
cumstances, the elastic constants of a crystal may exhibit a lower degree of 
symmetry than the optical constants and give rise to an ‘ anisotropic’ effect. 
Since the density variations in a crystal are chiefly determined by the elastic 
constants, it is to be expected that the Rayleigh scattered radiation brought 
about by density variations has also a lower symmetry than other direct 
optical phenomena. The theory, in fact, shows that for crystals of the 
rhombohedral system the directions perpendicular to the optic axis are no 
longer equivalent to one another in scattering. This ‘ anisotropic’ effect 
anticipated in theory is evident in the experimental observations. It may 
also be mentioned here that while the intensity of Rayleigh scattering in 
calcite is a maximum when the optic axis is along OZ, the intensity of the 
total symmetric Raman line at 1084 is a minimum for the same position 


of the crystal.’ 
4, Summary 


Intensity and depolarisation measurements of Rayleigh scattering have 
been made in cut and polished single crystals of calcite and quartz, with 
special reference to directional excitation: Results, with the intensity in dust- 
free air as standard, have been given. There is qualitative agreement be- 
tween the theoretical conclusions of Matossi and the observations reported 
in this paper. Special precautions have been taken to eliminate the effect 
of fluorescence and parasitic light. 
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7. Introduction 


Tue possible frequencies of wave propagation in liquids may be conveniently 
divided into three ranges. The first is the low frequency or sonic range, 
in which the velocities are usually determined indirectly by the use of the 
relation v = 1/./B% p, where By and p are the adiabatic compressibility 
and density respectively. In this range, experimental difficulties arise 
preventing accurate direct determinations of the velocity. Indeed, such 
direct determinations do not appear to have been made, except in the case 
of water, where very large volumes of liquid may be used. The second 
is the ultrasonic one in which frequencies can be practically reached upto 
about 10° cycles per second. In this range, mechanical oscillations may be 
set up in liquids by means of piezo-electric or magneto-strictive oscillators, and 
precise interferometric or optical methods are available for measuring the 
velocity of the waves. The third is the hypersonic range in which the 
accessible frequencies lie between 10° and 10" cycles per second. The 
presence of such high frequency acoustic waves associated with the spon- 
taneous thermal agitation in liquids has been definitely established by the 
spectroscopic study of radiation scattered by the liquid. Interferometric 
analysis of the spectral character of these radiations provides a method of 
determining the velocity of the waves in this range. 


The question arises whether there is any change in the velocity of 
sound in these three ranges or between different frequencies in the same 
range. Although many attempts have been made by various workers to 
answer this question, the position is not yet fully clear. The high absorp- 
tion coefficient in some liquids suggests that such dispersion should exist. 
Hiedemann and his co-workers (1936) have however found a negligibly small 
dispersion of 1 m/sec. in toluol and xylol with an increase of frequency from 
4800 k Hz to 8400 k Hz. Bar (1938) has demonstrated that the velocity of 
sound in water has a constant value for a wide range of ultrasonic fre- 
quencies. Recently, Venkateswaran (1942) has found that in highly viscous 
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liquids, such as glycerine and castor oil, the ultrasonic and hypersonic 
velocities are notably different, while both he and Sunanda Bai (1942) find 
that such an effect does not appear in common inviscid liquids. From these 
and other researches, two salient features of the liquid state emerge, viz., (1) 
that the dispersion of sound velocity in ordinary or inviscid liquids, if present, 
is small and requires very accurate experimental work for its detection; (2) 
that in highly viscoys liquids the velocity increases very considerably at the 
highest accessible frequencies. 


The important question arises whether the acoustic velocity calcu- 
lated from the adiabatic compressibility and density differs sensibly 
from that experimentally determined in the ultrasonic range. Since the 
expected difference, if any, is small, accurate determination of all the three 
quantities involved is necessary, and it is clearly desirable that they should 
be made with the same specimen of liquid and over an identical temperature 
range, so that they may be srtictly comparable. This has been undertaken in 
the present investigation for a series of six alcohols, due precaution being 
taken to see that the comparison is not vitiated by any uncertainty in the 
temperature of the liquid or by errors in the frequency determination. The 
results show that the ultrasonic velocity differs appreciably from the 
calculated acoustic velocity in the liquids studied. 


It is worthy of remark in this connection that in the case of water, where 
determinations of adiabatic compressibility have been made by Tyrer over a 
range of temperatures, the calculated acoustic velocities are in good agree- 
ment with Bar’s determination of the ultrasonic velocities over the same 


1500¢ 
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Fig. 1. Velocity-Temperature Graph for Water 


range of temperatures. This is exhibited in Fig. 1 where x indicates 
calculated acoustic velocity and@ indicates Biar’s value of ultrasonic velocity. 
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2. Measurement of Adiabatic Compressibility 

Tyrer was the first to investigate systematically the adiabatic compres- 
sibility of liquids. Later Shiba using the same method improved Tyrer’s 
piezometer. The method adopted by the author is a combination of both. 
The apparatus is schematically shown in the figure. A is a double-walled 
bulb containing the liquid to be investigated. CC is a capillary tube, calibrat- 
ed with mercury for every cm., whose mean sectional area was found to be 
0-001891 cm.2 M is a manometer indicating the pressure applied on the 
liquid and on the walls of the vessel containing the liquid. The volume of 
the piezometer is 58-0 cm.* The manometer is capable of reading the 
pressure to 0-1 cm. 


C 


Fig. 2. Piezometer Fic. 3. Pyknometer 


The taps T, and T; are closed and the vessel is completely exhausted 
through the side tube T,. The liquid is then admitted through the funnel. 
When the bulb A is completely full, the tap T, is closed. By raising the re- 
servoir of mercury R, the pressure on the liquid surface through the capil- 
lary and on the outside of the bulb is increased. The pressure is indicated 
by the manometer. The tap T, is closed and the reservoir R is lowered, 
and the mercury inside the tube is kept at atmoshpheric pressure by open- 
ing the tap T;. The position of the liquid meniscus in the capillary is read 
off on the travelling microscope. Sudden opening of the tap T, releases the 
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pressure inside and the liquid meniscus moves forward with a jerk. By 
recording the new position of the meniscus, the increase in the volume is 
known. The meniscus is adjusted to be at the centre of the tube by applying 
a small pressure through T; and slightly opening the tap T,. It is important 
that the tube should be perfectly clean and the pressure should be applied 
slowly. Any sudden application of pressure tends to break up the liquid 
thread in the capillary. 

To prevent the tap T, of the glass apparatus from leaking under the 
pressure, grease made with a warm mixture of glycerol and dextrose was used. 
This lubricant became solidified on cooling and it was quite insoluble in the 
organic liquids used. A warm mixture of rubber and pure vaseline also 
served the purpose well. Ifthe tap be leaking, there will not be any steady 
position of the liquid meniscus. The double-walled bulb A was immersed 
in a Dewar flask containing water. The temperature was kept constant by 
an electric heating coil carrying a small current. It was found that the tem- 
perature remained very steady—for any small change of temperture would 
be indicated by the movement of the liquid meniscus in the capillary tube. 

If 5v be the volume change (the product of the length of the shift of the 
liquid meniscus and the mean area of cross section), v be the volume of the 
piezometer, and Sp be the pressure difference, and Bg be the compressibility 
of the glass of the piezometer, then the adiabatic compressibility 
Bg = 8v/vdp + B,. 


The compressibility of soft glass according to Amagat is 0.0000022. 


Before measuring the compressibility of alcohol, the compressibility 
of water at 24°-4(C. was measured. The value obtained was 45-10 x 10-6 
while the value given by Tyrer is 45-34 x 10-* at 25°C. This is considered a 
satisfactroy agreement. 


3. Measurement of Density 


A special type of pyknometer shown in the figure is used for determining 
the density and its variation with temperature. A is a bulb with a side 
tube B, and a narrow bore tube C. The bulb is filled with the liquid through 
the side tube B in such a way so as to have the level of the liquid in the 
narrow tube upto the mark V. Care is taken not to allow air bubbles to 
remain near the ground glass stopper in B. The volume of the bulb upto the 
mark V is first determined by filling the bulb with double distilled water at 
the room temperature. Knowing the mass of the water, and its density 
(from I.C.T., Vol. III), its volume is calculated and found to be 26-430 cm.* 
at 25°-6 C. Assuming the expansion of glass, the volume of the liquid at 
any other temperature is easily obtained. 
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The bulb with known mass of liquid is immersed in water in a Dewar 
flask and the temperature is adjusted by electrical heating. When the level 
of the liquid in the narrow vertical tube is steady, the distance between the 
position of the liquid meniscus and the point on the tube is measured by a 


microscope. From these data the densities at different temperatures are 
calculated. 


4. Velocity of Sound in the Sonic Range 


Assuming that the vibrations take place adiabatically, i.e., the pressure 
changes are so rapid as to prevent in and outflow of heat from and to the 
surroundings, the velocity of sound v in a liquid of density p is given by the 
relation 

v= 
were fy is the adiabatic compressibility of the liquid. The compressibility 
is given in atm.-! In order to get the velocity of sound in cm. per sec., 
these values have to be divided by 1,013,300, since 1 atmosphere = 1,013,300 
dynes/cm.? 
TABLE | 
Adiabatic Compressibilities 


Author Tyrer or Shiba 
Liquid 
Temp. °C. By x 10° Temp. °C. By x 10° 
Methyl! Alcohol .. 24:0 105-2 21°4 102-9 (T) 
28-0 107-2 29-7 109-0 (T) 
33-0 111-1 30-8 109-7 (T) 
Ethyl Alcohol 25-0 95-44 17°8 94-22 
31°5 99-88 100-7 (T) 
35-0 102-4 39-6 109-3 (T) 
n-Propyl Alcohol 23°8 84-74 25:0 87-7 (S) 
28-0 86-46 30-0 90-6 (S) 
32°8 89-00 
n-Butyl Alcohol .. 24:2 81-29 25-0 82-1 (S) 
26-2 82-48 30-0 85-5 (S) 
28-0 83-76 
33-6 87°55 
Iso-Amyl Alcohol 23°6 83-94 25:0 82-7 
24°6 84-97 30-0 86-0 (S) 
27-6 87°39 
Allyl Alcohol 23-8 66-40 25-0 79-0 (S) 
29-4 69-64 30-0 81-9 (S) 
32-0 71-40 
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TABLE II 
Densities 


Liquid At 25°C. At 30°C. At 35°C. 
Methyl Alcohol 0- 7848 0:7814 0-7779 
Ethyl Alcohol .. 0-7882 0- 7842 0- 7802 
n-Propyl Alcohol oe 0-8018 0-7983 0-7949 
n-Butyl Alcohol 0-8085 0-8017 0:7931 
Iso-Amyl Alcohol 0-8074 0- 8002 0-7913 
Allyl Alcohol .. 0- 8801 0-8722 0-8641 

TABLE III 


Velocity of sound in metres per second calculated from the 
adiabatic compressibility and density 


Liquid At 25°C. At 30°C. At 35°C, 
Methyl! Alcohol 1105 1090 1075 
Ethyl Alcohol .. he oe 1161 1144 1127 
n-Propyl Alcohol = me 1217 1203 1190 
n-Butyl Alcohol ae se 1238 1218 1201 
Iso-Amyl Alcohol 1213 1189 1164 
Allyl Alcohol .. 1306 1286 1265 


5. Measurement of Supersonic Velocity 


The well-known Debye-Sears apparatus for diffraction of light by 
supersonics was set up. The oscillator was almost the same as used by Lucas 
and Biquard. Most of the previous investigators have used power valves 
of high wattage which tend to heat up the liquid very much during the time 
of observation. To eliminate this serious defect, Cossor Power valves PX 4 
of low wattage (8 watts) were used. Further, the plate current was adjusted 
for each liquid to a minimum that is necessary to get the quartz oscillated 
in the liquid. These two factors help to diminish to a large extent the errors 
due to the heating up of the liquid by the mechanical oscillations of the quartz. 


The diagram of the circuit is given in the figure. 


The quartz piece was an X cut crystal, 1-5 mm. thick, having an area 
of 20mm. x 20mm. _ The optical arrangement consisted of a monochroma- 
tic source of light focussed on the narrow slit of a collimator. The parallel 
beam of light passed through a rectangular glass vessel with plane parallel 
sides and was focussed by a long focus objective on a photographic plate. 
A mercury arc with the mercury green filter giving the line 5461 A was used 
as the source of monochromatic radiation. 
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4 
Fig. 4. Piezo-electric Oscillator Circuit 


As Dutta has pointed out, the frequency fluctuates as soon as the oscilla- 
tions are generated but it becomes steady in a minute. The temperature 
was then recorded and a photograph of the diffraction pattern was obtained 
on an §.R. panchromatic plate. The first-order spectra with low inten- 
sities were always used. A preliminary experiment was done in one of the 
alcohols to ascertain whether there was any appreciable rise in temperature 
in the liquid due to the oscillation of the quartz. The oscillator was set 
oscillating and a rise of 1° C. in 13 minutes was recorded. Since the time 
of photographing the diffraction fringes was between 30 and 45 seconds, 
there can be no appreciable error due to rise of temperature of the liquid. 


The distances between the fringes were measured on a Hilger compar- 
ator capable of reading to 1/10000 of acm. The distance between the nodal 
plane of the camera lens and the plate was 91-8 cm. To determine the fre- 
quency, a precision wave-meter of the General Radio Company was used. 
The calibration of this instrument was checked in the Electrical Technology 
Department of this Institute with a multivibrator controlled by a valve main- 
tained tuning fork of frequency 1000 made by Messrs. H. W. Sullivan. The 
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vibrator remained constant within. one part in a million. This accuracy is 
made possible by the steadiness of the fork. The error in the frequency thus 
determined will be much less than 1 in 1000. 

Wavelengths were calculated from the usual formula, sin @= N A,/A,, 
where @ is the angle of diffraction, A, and A, the wavelengths of light and 
sound respectively, and N the order of diffraction. 

TABLE IV 
Supersonic Velocity at frequencies of about 2000 kHz in metres per sec. 


Liquid At 25°C. At 30°C, At 35°C. 
Methy! Alcohol 1113 1097 1079 
Ethyl Alcohol .. 1194 1177 1160 
n-Propy! Alcohol ne ae 1218 1205 1192 
n-Butyl Alcohol me re 1217 1196 1175 
Iso-Amy! Alcohol 1238 1220 1202 
Allyl Alcohol .. ee od 1319 1300 1281 
6. Results 


The magnitude of the expected dispersion is very small and a determi- 
nation at one temperature will not lead to any definite conclusion. 
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Fig. 5. Velocity-Temperature Graphs for Alcohols 
A = Calculated velocity in sonic range B = Supersonic velocity 
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If there be dispersion, it ought to persist for all temperatures. The 
velocity-temperature graphs are drawn for theoretical and supersonic velo- 
cities. If there be no dispersion, these two graphs should coincide, else the 
distance along the velocity axis between the graphs will determine the disper- 
sion. Thus there is a dispersion of 7°/y9 in methyl, 15%Jo9 in ethyl, 1/o9 
in n-propyl, 189/99 in n-butyl, 26°/o, in iso-amyl and 11/99 in allyl alcohols. 


In the case of methyl, ethyl, iso-amyl and allyl alcohols, there is defi- 
nitely an increase of velocity in the supersonic range. In the case of n-propyl 
alcohol, the dispersion, if any, is a negligible quantity. In the case of 
n-butyl alcohol, there is a decrease in the supersonic range. 


7. Hypersonic Velocity in Alcohols 


Sunanda Bai has carefully determined the hypersonic velocity of the 
alcohols using the same specimens of the liquids as investigated by the author. 
Her results generally suggest that even at such high frequencies, the 
dispersion of sound velocity is rather small for these alcohols. It is 
interesting to note that the hypersonic velocity is lower than supersonic 
in methyl, ethyl, n-propyl and allyl alcohols and the hypersonic exceeds the 
supersonic in v-butyl and iso-amyl alcohols. 


TABLE V 


Dispersion of Acoustic Velocity at Temp. 25° C. 


Theoretical 
Ultrasonic Hypersonic 
Liquid velocity velocity 
m./sec. m./sec. m./sec. 

Water (at 30° C.) i me 1505 1508 1514 
Methyl Alcohol ae $i 1105 1113 1088 
Ethyl Alcohol .. ayn aa 1161 1194 1165 
n-Propyl Alcohol 1217 1218 1183 
n-Butyl Alcohol ei ee 1238 1217 1230 
Iso-Amyl! Alcohol 1213 1238 1251 
Allyl Alcohol .. 1306 1319 1299 


Finally the author wishes to place on record his deep gratitude 
to Professor Sir C. V. Raman, Kt., F.R.S., for suggesting the problem and for 
his inspiring guidance. His thanks are also due to Prof. K. Srinivasan of the 
Electrical Technology Department, for checking the calibrations of the wave- 
meter, to Dr. M. A. Govinda Rau of the Chemical Engineering Department 
for valuable suggestions and to Dr. R. S. Krishnan for much help throughout 
the investigation, 
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Summary 


Adiabatic compressibility of six alcohols at different temperatures have 
been determined by a modified form of Tyrer’s piezometer. The densities of 
the liquids at different temperature have been found by a specially designed 
pyknometer. From these data the theoretical acoustic velocity at sonic 
frequency has been calculated from the relation v = 1+/p8y. Using the same 
sample of the alcohols, the ultrasonic velocities are determined for different 
temperatures at a frequency of about 2000 KC/sec. In all these measurements 
special precautions have been taken to keep the temperature constant. The 
magnitude of dispersion is shown by drawing the velocity temperature graphs 
for both frequencies. It is found that there is evidence of dispersion in all the 
alcohols except perhaps n-propyl alcohol. In n-butyl alcohol the ultrasonic 
velocity is lower than the sonic, while in all the other cases, the ultrasonics 
are higher. 
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Any space S can be topologised by assigning arbitrarily the family (I’,) of 
its open sets, subject to the requirements: 


(1) 0 and 1 (i.e., the null set and the whole space S) are in {Ij}, 
(2) Any set-sum and any finite set-product of members of {I°,} are in {I°,}. 


Since set-sums and set-products are distributive, it follows that I’, is a gene- 
ral distributive lattice of subsets of S, containing 0, 1, closed for all set-sums, 
and with all sums distributive. From known theorems in lattice-theory, 
it results that I’, is a complete distributive lattice, with completely distri- 
butive sums, in which all lattice-sums and finite lattice products are identical 
with the corresponding set-operations. The lattice-product of an infinite 
number of open sets will in fact be the interior of their set-product (which 
will not in general be open). 

As a simple example to shew the non-distributivity of infinite lattice-products in J",, consider 
the Cantor-discontinuum C in the interval (0, 1). ThenC is the set-product of a sequence 
G,, Gz, *** Of open sets, and being non-dense, has no interior. If C’ is the dense open set 
which is the complement of C, it follows that C’+Interior (JG, = C’+1. But C’+G,;=1 
for each i, and therefore, 

Interior [J (C’+ G,;) = IT (C’+ G,) = 1+ C’+ Interior (JT G)). 
Since the topology is completely determined by I, the topological 
properties of S may be interpreted as structural lattice-properties of I. 
This is true in particular of the separation-postulates Ty, T,, T., T;, T,* 


* These postulates are : 
T)—Of any two distinct points, one at least has a neighbourhood not containing the 
other. 
T,—Any point has a neighbourhood not containing any other assigned point. 
T,—Two distinct points possess disjoint neighbourhoods. 


T,;—Two disjoint closed sets, of which one consists of a single point, possess disjoint 
neighbourhoods. 


T,—Two disjoint closed sets possess disjoint neighbourhoods. 
In these, ‘neighbourhood’ may be understood as ‘open neighbourhood ’.—C/. 
Alexandroff and Hopf, Topologie, pages 58, 59, 67, 68. 
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by which we pass from general topological spaces to the special ones which 
are nearer metrical space. The present paper is an attempt to view these 
separation-postulates from the lattice-structure of I’,, and to shew in parti- 


cular that the last two, namely T;, T, are connected with the theory of the 
last residue class.‘ 


We begin by certain preliminaries relating to distributive lattices. 


§1. The ideals IT,, I,, of a distributive lattice T' with 0, 1 


Even though I is not closed for product- or sum-complements, there 
exists a set JT, (J7,,) of elements whose product- (sum-) complement is 0 (1). 
Neither J7, nor J7, is empty since le J7,,0 ¢J7,. It is clear that I7, is an 


a-ideal, and is a y-ideal, and that J7,, are important structural elements 
of I. 


In the particular case in which I is a complete lattice with completely 
distributive sums (products), we can characterise in terms of J7, (JI,) the 
p-ideals (a-ideals) of I’ whose product-complement is 0 (1). Namely, 


THEOREM I: Jf I’ is a complete lattice with completely distributive 
sums, the p-ideals whose product-complement is 0, are precisely those whose 
comprincipal envelope is a principal ideal of the form P, (t) where tellq. 


For, in a complete lattice any p-ideal P,, is convergent, since the sum 
t of its elements exists, and the comprincipal envelope* of P,, is the princi- 
pal ideal P, (¢). If the product-complement P,,’ = 0, it follows that {P, (4)}’ 
cP,’ and is therefore 0. It results that te /7,. Conversely let the com- 
principal envelope of a y-ideal P, be the principal ideal P, (¢), where te JT. 
To prove that P,,’= 0, we observe that since ¢ is the distributive sum of the 
elements of P,, ty=0 implies and is implied by xy =0 for every x in P,. 
Hence P,,’ = {P, = 0. 


Properties of a lattice in which one of the ideals IT,, II, is 0 


Assume for instance that in I’ the ideal I7, = 0, i.e., consists of the single 


element 0. Dual properties will hold for a lattice in which JJ, is 0, i.e., 
consists of the single element 1. 


THEOREM II: If IT,,= 0, the most general a-ideal with the product-comple- 


ment 0 has 1 for its comprincipal envelope (so that the product of all its 
elements exists and is equal to 0). 


(Note.—This is not a special case of Theorem (I), since we do not 


assume here that I is complete or has completely distributive sums or 
products.) 
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Proor: If P, ¢ the principal ideal P,, (t), and if P,' = 0, then {P, (t)}’= 9. 
Hence, since I7,, = 0, it follows that t= 0. Thus the only principal a-ideal 
containing P, is 1. 

THEOREM III: If IT, = 0, and a is any element of the lattice, the ideal 
{P,, (a)}’ is always comprincipal and is the cut-complement of {Pq (a)}'; dashes 
denoting product-complements. 


Corollary. If IT,—0, the product-complement of any p-ideal P, is 
comprincipal and is the cut-complement of its last residue class. 


ProoF: Let ¢ and x be arbitrary elements such that ta=0,a+x=1. 


Then t= ¢(a+x)= ta + tx = tx. Hence every t c every x. Conversely 
if an element ¢ c every x such thata + x =1, tx =t=t(a+x)=la+ tx. 


Hence ta c tx for every x. Therefore ta = tax, so that ta c every ax. 
In other words P, (ta) contains P, (a) + {P, (a)}’. Since the product-comple- 
ment of this latter ideal is 0, it follows from Theorem (II), that ta=0. This 
proves that {P,, (a)}’ is the cut-complement of {P, (a)}’, and is therefore com- 
principal. 

It follows that JT {P,, (a)}’ is the cut-complement of 2 {Pq (a)}’, where 


the product and sum extend over all the elements a of a p-ideal P,. But 
the product is P,’ and the sum is the last residue class of P,,; as the product 
of the comprincipal ideals {P, (a)}’, the product-complement P,,’ is com- 
principal. This proves the corollary. 


§2. Semisimple ideals of a distributive lattice 


An ideal P, (P,) of a distributive lattice I with units will be said to be 
semisimple, if for each element x in P we can find an element y in P such 
that there exists an element ¢ with <x =0,t+y =1(t +x =1, ty =0). 


In other words a p- or a-ideal is semisimple, if for each element x of the 
ideal, P, + {P, (x)}’= 1, Pa + {Pa (x)}’= 1. It is clear from this that every 
semisimple ideal contains the double-product-complement of every principal 
ideal that it contains.* 


It is known that a simple ideal of I must necessarily be principal. Con- 
versely it follows immediately from the definition that a principal ideal is 
semisimple only if it is simple. 

THEOREM II: The semisimple ideals are those which are identical with 
the last residue-class of their last residue-class. 


* This is also a property of normal ideals. It is not known whether the normal and the 
semisimple ideals are the only ones which possess this property. 
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For the I.r.c. of a w-ideal P is the set of ¢’s for which there is y in P 
with t+y =1. The necessary and sufficient condition that P may be the 
Lr.c. of its Lr.c. is that for each x in P there exists a t with tx =0. This 
is clearly the same as the condition that P be semisimple. We also note 
that if P be semisimple, its /.r.c. is also semisimple. 


THEOREM III: The sum of semisimple ideals is semisimple; the product 
of two semisimple ideals is semisimple. 

For any element of the sum of a family (P;) of semisimple p-ideals is 
of the form x, + X%,+ ....+X,3 x;¢P;. Also for each x; there is y; in P; 
and ¢,, such that t; x;= 0, t; + y;= 1. Hence ft; te... «ty + X%q) 
= 0 and + + +.... =1. This proves the first part. 

Also any element of P, P, is of the form x,x, (x; ¢P,;). For each 
such element, there is an element y, y, in P,P, and ¢, + 1%, such that 
+ te) = 0, (t; +t, + y1y2) =1. This proves the second part. 


THEOREM IV: The product-complement of a semisimple ideal is the cut- 
complement of its last residue class. 


For let P, be a semisimple p-ideal and let s be c every element of the 
last residue class of P,. If possible let there be an element x in P, such that 
sx +0. Since P, is semisimple there is y in P, and an element ¢ in the last 
residue class, with tx=0, t+ y=1. Hence O+sxcsct. But sxt=O0+sx. 
We have thus a contradiction. Therefore the product-complement of P, 
contains the cut-complement of its last residue-class. On the other hand 
any element x of P,’ is clearly c any element ¢ of the last residue-class, 
since t +y =1 gives xt =x. This proves the theorem. 


Corollary. In a complete distributive lattice the product-complement 
of a semisimple ideal is principal. 


§ 3. Applications to I',. Product-complements of -ideals 


Consider now the lattice I’, of open sets of the topological space S. 
Since I’, is a complete lattice with completely distributive sums, it is closed 
for product-complements. Define the exterior (interior) of any set X as the 
sum of all the open sets disjoint with (contained in) X. Then the product- 
complement in I, of any open set is then its exterior. The open domains (as 
the normal open sets may be called) are then the open sets which are identical 
with the exterior of their exterior, or alternatively, with the interior of their 
closure. The lattice-product (that is, the interior of the set-product) of any 
number of open domains is an open domain. The sum of two open do- 
mains is not necessarily an open domain. (Example: If from a circular area 
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in the Cartesian plane, the circumference and a diameter be removed, what 
remains is an open set which is not an open domain, even though it is the 
sum of two open domains, namely the two semicircular areas.) 


The open sets whose exterior is null (namely, the elements of the ideal 
IT, of I’,) are the dense open sets, which are obtained by removing a non- 
dense closed set from the space S. From Theorem I, the p-ideals whose 
product-complement is 0 are precisely those which are generated from an 
open covering of a dense open set (in particular, of space). 


If the space S is bicompact? (that is, if every open covering of S contains 
a finite covering), it is easy to see that every y-ideal of I, is principal, and 
conversely. 


§ 4. Product-complements of a-ideals of Ty. 


If the space S is metrical, or even if it is simply a T,-space, it is easy to 
see that the ideal J7,—0. But J7,=0 is not a consequence of the general 
topological postulates. We have accordingly to introduce a postulate 
(which I shall call I7)) of the same nature as the separation-postulates T, to 
ensure this. 


Postulate IT, Any non-null open set contains a non-null closed set. 


If the open set g = 0, contains the closed set c+ 0, thang +c’ =1; 
c’ + 1. Hence the product-complement of P, (g) * 0, since it contains an 
element different from 1, namely c’. Hence /Z,=0 and conversely J7,—0 
implies the poslulate JJ. 


It is clear that T, implies J7, ; on the other hand JJ, is independent of 
Ty, that is, neither implies the other. This is seen from the following 
examples : 


Ex. (1). Adjoin a point a to a T,-space M, and define a T,-topology 
in M +a by: 


Closure of X in M +a =closure of X in M, if X cM; closure 
of a=a+b (beM). 


This topology does not satisfy 7), since the non-null open set (a) con- 
tains no non-null closed set. Hence Ty does not imply Ip. 


Ex. (2). Consider the resolution-topology (studied by Miss Mary Thomas)* 
defined as one in which every closed set is open, and vice versa. It follows 
that the closures of two points are either identical or mutually disjoint, 
and that the topology resolves the space into mutually disjoint sets, which 


are the closures of single points. This topology is not To, but satisfies JJ». 
Hence JZ, does not imply To. 
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As I], is related to the structure of I’, more directly than Ty, we 


substitute J7, for T, and consider the sequence of separation-postuiates 


From Theorem (III) corollary, it follows that for a JI,-space, the 
product-complement X’ of any p-ideal X of the I’, is the cut-complement 
of the last residue class of X. That the product-complement X’ is comprincipal 
follows already from the fact that I’, is closed for product-complements. 


For a T,-space, every one-pointic set is closed. Hence I, has a maxi- 
mal basis, consisting of all open sets obtained by removing a single point 
from space. These maximal sets are all dense, and hence belong to JI,, if 
no point is an isolated point of space, that is, if space is dense-in-itself. 

THEOREM V: In the case of a T,-space, every principal a-ideal of I, 
is normal. 

For, in a T,-space S, if a set X does not contain the point a, there is an 
open set containing X and not containing a, for example the open set (S-a). 
Now the product-complement {P, (g)}’ of the principal a-ideal P, (g) evidently 
consists of all open sets which contain the closed set g’ (the complement of g). 
To prove that {P, (g)}’’ cannot be different from P, (g), we have only to 
shew that for any open set g, smaller than g, we can find an open set g, in 
{P, (g)}’, such that g,+ 9, 1. This is evident, since if a is a point in g 
which is not in g,, we can take g,=S—a. 


Corollary. For a T,-space, all comprincipal a-ideals of I, are normal. 


It was shewn in Theorem (II), that if J7,=0, the comprincipal envelope 
of any a-ideal whose product-complement is zero, must be 1. In the case 
of I’, (for which J7,,= 0), we can specify precisely the product-complement 
of an a-ideal P, whose comprincipal envelope is 1 (so that the lattice-product 
of the elements of P, is 0, and therefore their set-product is a non-dense 


set N). 


THEOREM VI: I[f the set-product of the elements of P,, be a non-dense set 
N (so that the comprincipal envelope of P, is 1), the product-complement P,' 
is the family of open sets containing N’, the set-complement of N. Hence 
P,' =0 if and only if N=0. 


As a matter of fact, a similar theorem is true of the product-complement 
of any a-ideal, P,, the set-product of whose elements is N. For, an open 
set g whose sum with every element of P, is 1 cannot exclude any point 
of the set-complement N’ of N; for, if it did, there are elements of P, which 


exclude the same point, and the sum of g with these elements would 
not be 1. 
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As a particular case, we observe that in a T,-space, there are dense open 
sets which exclude any limit-point of space. Hence the set-product of all 
dense open sets (that is, of all elements of I7,) is the set I of isolated points 
of space. Hence 


THEorREM VII: Jn a T,-space the product-complement IT,’ of II, is the 
family of open sets containing all limit-points of space. In particular, if 
space is dense-in-itself, = 0. 


§ 5. The separation-postulates T,, Ts, T4. 


To get the background of these separation postulates, we begin by 
considering the last residue class of the product-complement of a principal 
a-ideal P, (g). If g’ is the closed set which is the complement of g, this 
product-complement is the family of open sets containing g’. 


THEOREM VIII: The last residue class of {Pq (g)}' is the a-ideal generated 
by the exteriors of open sets containing g'; the last residue class of this last 
residue class is the family of open sets containing the closure of an open set 
containing g’. 

The first part follows from the definition of the last residue class. If g, 
is an open set containing g’, and g, is an open set such that g,+- Ext. g,= 1, 
it follows that g, should contain g,, since Ext. g, is the complement of g,. ' 
Hence the second part. 


It is known that T, and T,; can be formulated alternatively thus: 


T, Every open neighbourhood of a closed set g’ contains the closure 
of another neighbourhood of g’. 


T, Every neighbourhood of a point contains the closure of another 
neighbourhood of the same point. 


Hence: 


THEOREM IX: The regularity postulate T; states that every a-ideal Q, (a) 
composed of all open sets containing a point a is semisimple; the normality 
postulate T, states that every a-ideal Qq (g’) composed of all open sets con- 
taining a closed set g’ is semisimple. 


Consider now the postulate T,; it states that two distinct points a, b 
possess disjoint open neighbourhoods g,, g;. Hence the closed set g,’ con- 
tains g; and therefore the closed domain g;. Hence the exterior of a can 
be covered by closed domains of the form g, or by open domains Int. 
g, or Ext. g,. Hence if we denote the exterior of a by A we see that T, states 
that the last residue-class of Q, (a) = {P, (A)}’ has P, (A)= {P, (A)}" for its 
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cut-complement. Conversely this property implies T,. It is to be noticed that 
this property has the same form as the property of p-ideals given by Theorem 
III. It will also be noticed that this does not imply the semi-simplicity of 


{P,, (A)}’, asserted by Ts. 


It is clear that T, can also be put in this form; namely, if g is any open 
set, T,; asserts that the last residue class of Q, (g’)={P, (g)’} has {P, (g)’ = 
{P. (g)}” for its cut-complement. That this implies and is implied by the 
semisimplicity of every {P, (A)}’ should be capable of direct proof from 
lattice theoretic considerations. 


Kuratowski 
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3. R. Vaidyanathaswamy 
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THE BENZOYLATION OF 5-HYDROXY-6-ACYL- 
COUMARINS IN PRESENCE OF PYRIDINE 


By N. M. SHAH AND C. V. DELIWALA 
(From the Department of Chemistry, M. R. Science Institute, Gujarat College, Ahmedabad) 


Received January 20, 1942 
(Communicated by Dr. R. C. Shah, M.sc., Ph.D.) 


IN an attempt to prepare its O-benzoyl derivative, 5-hydroxy-6-acetyl-4- 
methylcoumarin’ was heated with benzoyl chloride in its pyridine solution; 
the crystalline product isolated, however, was not the expected benzoyl 
derivative, 5-O-benzoyl-6-acetyl-4-methyl-coumarin (I). The analytical results 
for the product closely agreed with those required for 4-methyl- 
flavono-7’ : 8’: 6 : 5-a-pyrone (II, R =H) and the substance was insoluble 
in alkali but dissolved in conc. sulphuric acid with brownish yellow 
colour exhibiting bluish-violet fluorescence. 


To settle the constitution of the above flavono-coumarin (II, R = H), 
5-hydroxy-6-acetyl-4-methylcoumarin was subjected to the Kostanecki 
benzoylation ; 4-methyl-3’-benzoyl-flavono-7’ : 8’ : 6 : 5-a-pyrone (II, R= 
CO.Ph) was obtained (Sethna, Shah and Shah, Joc. cit.). Attempts to 
remove 3’-benzoyl group were unsuccessful. However, the flavono-cou- 
marin (II, R = H) was unambiguously synthesised thus: 5-hydroxy-6-acetyl- 
4-methylcoumarin on condensation with benzaldehyde in presence of 
potassium hydroxide gave the coumarino-chalkone, 5-hydroxy-4-methyl- 
coumarino-6-styryl-ketone (III) (unpublished work) which on treatment 
with selenium dioxide in amyl alcohol gave 4-methyl-flavono-7’ : 8’ : 6 : 5-a- 
pyrone, m.p. 251-252° identical with the flavono-coumarin (II, R=H) 
obtained above (mixed m.p. undepressed). 


With regard to the formation of the flavone derivative in the above 
reaction in presence of pyridine, it appears that the O-benzoyl derivative 
(I) initially formed undergoes rearrangement with the subsequent ring- 
formation to give the flavono-coumarin (II, R =H) directly. The above 
reactions are shown diagrammatically below :— 
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co—CH co—cH co—cH 
Me Me 
YY | | 


OH Ph-CO-Cl OH 
re 
arrange- 
CO-CH, —CO-CH, ment O-CH,-CO-Ph 
cH 
C,H,;CHO 
+ KOH 


2/C—Ph 
SeO, 6’ C—R 
—CO-CH=CH:Ph amyl alcohol 


(111) (II) (R = H or CO+Ph) 


This change is analogous to that undergone by o-benzoyloxy-acetophenones in 
presence of potassium carbonate as shown by Baker.? Recently, such trans- 
formations have also been affected by various workers employing sodamide in 
dry ether,* sodium ethylate or alcoholic sodium hydroxide‘ or finely divided 
sodium. The part played by potassium carbonate and other reagents is 
carried out by pyridine—an organic base, in the above flavone formation. 


Baker (loc. cit.) was able to isolate intermediate o-hydroxy-dibenzoyl- 
methane derivatives as their potassium salts. In the present case, such a 
salt formation is not possible, but it is quite plausible that the di-benzoyl- 
methane derivative may have been formed as an intermediate previous 
to the flavone-ring formation. 
was similarly treated with benzoyl chloride in its pyridine solution. The 
product obtained gave two types of crystals on crystallisation from alcohol: 
(1) brownish prismatic crystals, m.p. 159-160°, and (ii) white light needles, 
m.p. 221°. Both the products were insoluble in alkali and gave no coloura- 
tion with alcoholic ferric chloride. The former dissolved in conc. sulphuric 
acid without any fluorescence, while the latter exhibited violet fluorescence 
in the sulphuric acid solution. By analogy of the previous case, the sub- 
stance m.p. 221° was assumed to be a flavone derivative, which was settled 
as follows : 5-hydroxy-6-propionyl-4-methylcoumarin was subjected to 
the Kostanecki benzoylation ; the flavono-coumarin was found identical 
with substance m.p. 221° (mixed m.p. unchanged): this shows that the sub- 
stance m.p. 221° has the constitution, 3’-benzo-methyl-4-methyl-flavono- 
: 8 :6 : 5-a-pyrone (II : R=—CH, CO.Ph). Attempts to remove 3’-benzoyl 
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group were unsuccessful. It also gave no derivative characteristic of -CO 
group. Attempts to prepare simple O-benzoyl derivative of the 5-hydroxy- 
6-propionylcoumarin were unsuccessful. 


The product melting at 159-160° gave analytical results corresponding to 
Cz7Ho905 indicating that it contained a water molecule more than the flavone 
obtained above. It was therefore assumed to have the constitution, 5-benzoyl- 
oxy-4-methyl-coumarino-6-dibenzoyl-ethane, but the following reactions indi- 
cated otherwise: (i) the action of HBr in acetic acid produced the original 
coumarin, 5-hydroxy-6-propionyl-4-methylcoumarin,(ii) a derivative characteris- 
tic of -CO group could not be prepared, and (iii) the action of conc. sulphuric 
acid according to Sethna and Shah, R.C.’ to affect the stepwise elimination 
of O-acyl and C-acyl groups led to the production of the original coumarin, 
5-hydroxy-6-propionyl-4-methylcoumarin, indicating that the -CO-Ph 
groups were linked through O atom. This shows that the coumarin is also 
reacting in the enolic form and the product, m.p. 159-160°, is the dibenzoyl 
derivative of the coumarin in its enolic form. 


5-Hydroxy-6-butyryl-4-methylcoumarin (Deliwala and Shah, loc. cit.) 
on similar treatment with benzoyl chloride in pyridine gave only the di- 
benzoyl derivative of the coumarin reacting in the enolic form as in the 
previous case. The Kostanecki benzoylation of the 5-hydroxy-6-butyryl- 
coumarin gave 3’-benzo-ethyl-4-methyl-flavono-7’ : 8’ : 6 : 5-a-pyrone. 

It may be mentioned here that all the above coumarins on treatment 
with acetic anhydride in pyridine solution afforded only the corresponding 
5-acetoxy derivatives. Baker (Joc. cit.) was also unable to effect the migra- 
tion of an aliphatic acid radical in o-acyloxy-acetophenones. 


The action of pyridine on resacetophenone dibenzoate and its other 
simple derivatives was unsuccessful in bringing about the migration of the 
acid residue. It is thus evident that the reactivity to undergo such trans- 
formations in presence of pyridine with the flavone-ring formation in case 
of 5-hydroxy-6-acyl-coumarins is brought about by the presence of the a- 
pyrone ring. 

Experimental 


4-Methyl-flavono-7’ : 8’ : 6 : 5-a-pyrone (If, R =H)—5-hydroxy-6-acetyl- 
4-methylcoumarin (Sethna, Shah and Shah, Joc. cit.) (1 g.) was dissolved 
in benzoyl chloride (5 c.c.) by gently heating; pyridine (2 c.c.) was added 
and the mixture gently refluxed on a smzll free flame for about 4 hours. It 
was cooled and mixed with water; sticky red-brown oil separated. It was 
washed with dil. H,SO, and then with dilute alkali and finally with water. 
The product obtained slowly solidified on keeping for about 4-5 days. 
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It was washed with little alcohol which removed coloured impurities; a 
white solid was collected, which on crystallisation from alcohol gave fine 
crystalline substance, m.p. 251° (Found: C, 74-9; H, 4-1. C,,H),0, 
requires C,75-0; H, 3-9 per cent.). The flavono-coumarin dissolves in 


conc. sulphuric acid with brownish yellow colouration exhibiting bluish- 
violet fluorescence. 


Action of selenium dioxide on 5-hydroxy-4-methylcoumariro-6-styryl- 
ketone (IIT).—The ketone (1-5 g.) was dissolved in amyl alcohol (30 c.c.) 
and selenium dioxide (2 g.) added; the mixture refluxed for 11-12 hours at 
170-180°. The hot solution was filtered from the ppted metallic selenium 
when on.cooling the crystals began to appear in the filtrate. They were 
collected and crystallised from alcohol, needles, m.p. 251-252°, the mixed 
melting point with the flavono-coumarin obtained above was undepressed. 


Action of benzoyl chloride and pyridine on 5-hydroxy-6-propionyl-4- 
methylcoumarin: Formation of 3'-benzomethyl-4-methyl-flavono-7’ : 8 : 6 : 5-a- 
pyrone (II: R= — CH, CO Ph) and di-benzoyloxy derivative of the coumarin.— 
5-Hydroxy-6-propionyl-4-methylcoumarin (Deliwala and Shah, loc. cit., 1 g.) 
benzoyl chloride (5 c.c.) and pyridine (2 c.c.) were treated as before and the 
product obtained similarly. The solid obtained gave two types of crystals 
on cystallisation from alcohol, brownish prisms and clusters of white light 
needles side by side. They were mechanically separated. 


The light needles on recrystallisation from alcohol melted at 221° 
(Found: C, 76-4, 76:3, 75:55; H, 5-7, 5-5, 4-7. Cy,H,,0O; requires C, 76-8; 


H, 4-3 per cent.). 3’-Benzo-methyl-4-methyl-flavono-7’: 8’ : 6 : 5-a-pyrone* 


exhibits violet fluorescence in conc. H,SO, and is insoluble in alkali and 
gives no ferric chloride colour. 


The prismatic crystals were re-crystallised from alcohol, m.p. 159-160° 
(Found: C, 73-9, 73:7; H, 4:7, 4-6. Cs,;H2O, requires C, 73-6; H, 4-5 
per cent.). It is insoluble in alkali, gives no ferric chloride colour and dis- 
solves in conc. H,SO, without any fluorescence. 


Kostanecki benzoylation of 5-hydroxy-6-propionyl-4-methylcoumarin.— 
The coumarin (1 g.), benzoic anhydride (8 g.) and sodium benzoate (3 g.) 
were thoroughly mixed and heated for 11 hours at 160-170°. The cooled 
mass was crushed under water and treated with dilute alkali and finally 
washed with water. The solid on crystallisation from alcohol gave fine 
needles, m.p. 222°, the mixed m.p. with the substance (IV) was unaltered. 


Action of benzoyl chloride and pyridine on 5-hydroxy-6-butyryl-4-methyl- 
coumarin.—The coumarin (Deliwala and Shah, Joc. cit.) (1 g.) was refluxed 
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with benzoyl chloride (5c.c.) and pyridine (2c.c.) as in the previous cases. 
The product crystallised from alcohol, clusters of needles, m.p. 168° (Found: 
C, 73-9, 73-9; H, 5°0, 4-9. Cz2gH22O, requires C, 74-0 H, 4-85 per cent.). 
The substance is insoluble in alkali and dissolves in conc. sulphuric acid 
with yellowish colour without any fluorescence. 


Kostanecki benzoylation of 5-hydroxy-6-butyryl-4-methylcoumarin.—The 
coumarin (1 g.), benzoic anhydride (7 g.) and sodium benzoate (2 g.) were 
heated at 170-180° for 12 hours. It was then cooled, treated with alcoholic 
KOH, filtered and the residue washed with water and crystallised from 
acetic acid and then from alcohol in which it is sparingly. soluble, white 
lustrous needles, m.p. 220-221° (Found: C, 75-7; H, 5-0. C,.,H,»O;+ 
4H,O requires C, 75-5; H, 4-7 per cent.). The product is insoluble in alkali 
and dissolves in conc. H,SO, with violet fluorescence. Attempts to eliminate 
3’-benzoyl group were unsuccessful. 


The C-H determinations are micro-analysis partly by Dr. A Schoeller 
and partly by Mr. N. Ghosh, University College of Science, Calcutta. Our 
best thanks are due to Mr. N. Ghosh and Dr. D. Chakravarti, Calcutta, for 
micro-analysis. 

We express our grateful thanks to Prof. R. C. Shah for his sympathetic 
interest in the investigation. 

Summary 


The action of benzoyl chloride on 5-hydroxy-6-acyl-coumarins in 
pyridine solution has been investigated. The reaction leads to the 
formation of the flavone derivative instead of the expected benzoyloxy 
. derivative. The constitution of the flavone obtained from 5-hydroxy-6- 
acetyl-coumarin has been confirmed by unambiguous synthesis from the 
corresponding chalkone by SeO, reaction. 5-Hydroxy-6-propionyl-coumarin 
similarly gives the flavone derivative and also reacts in its enolic form, yield- 
ing the di-benzoyloxy derivative. 5-Hydroxy-6-butyryl-coumarin gives 
only the di-benzoyloxy derivative, reacting in its enolic form. 
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